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In-situ X-ray Absorption Spectroscopy (XAS), Raman Spectroscopy, AFM and XPS have been used to investigate the effect of
reactions occurring in aqueous electrolytes on the structure of a single-layer graphene produced by CVD. It was found that defects
are readily and irreversibly produced by application of electrode voltages. The defects and the products were identified also by new
features in the XAS spectra. Our findings show the poor stability of the CVD graphene, which could be a challenge in applications
such as super-capacitors, fuel-cells, batteries and photo-catalysis.
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Graphene has become a major topic of research because of its
unique electronic and chemical properties.1–4 Desirable properties of
graphene include high mechanical strength, good thermal and electri-
cal conductivity and chemical stability in aggressive media. In addi-
tion graphene can be functionalized to increase its chemical selectivity
in catalysis and sensing applications. However these properties can
be strongly modified by the presence of defects. In applications to
electronic devices for example, defects and functional groups of ad-
sorbed molecules influence the electronic and transport properties.5
While the chemistry of defects on graphite has been investigated
extensively,6 their nature is still under debate. One popular method
to produce graphene is through chemical vapor deposition (CVD),
which produces polycrystalline sheets of variable quality, deter-
mined by the density of grain boundaries, point defects and chemical
contamination.
A variety of characterization techniques have been used to inves-
tigate the properties and structural perfection of graphene, including
scanning tunneling microscopy (STM),7 Raman spectroscopy,8 X-ray
photoemission spectroscopy (XPS),9 X-ray absorption spectroscopy
(XAS) and X-ray emission spectroscopy (XES).10–14 Traditionally,
XAS measurements of graphene have been carried out in ultra-high
vacuum (UHV), which drastically limits the type of environments that
can be investigated. To perform the more desirable in situ experiments
we have developed electrochemical cells specifically designed for in
situ XAS/XES measurements under ambient conditions. The experi-
ments were carried out in beamline 8.0.1 of the Advanced Light Source
(ALS) at the Lawrence Berkeley National Laboratory (LBNL). The
cells were first demonstrated in a study of the electrochemical oxida-
tion and reduction of Cu15–17 where the fluorescence detection mode
was used. While this is appropriate for studies of the chemistry of the
electrode materials, the signal obtained is bulk sensitive due to the
large penetration depth of soft X-rays (∼μm). Using total electron
yield detection (TEY) however, we can obtain information of the in-
terface region due to the much shorter mean free path of the secondary
electrons (∼nm), which make possible studies of the Helmholtz layer
region. In our cell the detection of the TEY current is made in the
same working electrode under study.
In the experiments reported here the electrode consists of a CVD
grown single graphene layer (SGL), wet-etched and transferred onto a
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100 nm thick Si3N4 membrane with an X-ray transmission of 46% at
the C K-edge (285 eV) and 66% at the O K-edge (530 eV). This mem-
brane is used to separate the electrochemical cell from the vacuum
chamber connected to the Synchrotron ring, as illustrated in Figure 1.
The cell contains Pt and Ag wires that act as counter and reference
electrodes respectively. By the use of a micro-pump the electrolyte is
flown through inlet and outlet holes, which helps eliminate possible
bubbles and also drains away ionized species from the electrolyte.
The potential is controlled with a potentiostat which is used to record
I-V cyclic voltamograms (CV), and chrono-amperometric (CA) mea-
surements. Using this experimental setup, it is possible to achieve real
time monitoring of the element-specific electronic structure changes
in situ after electrochemical cycling.
The chemical composition of the samples was characterized ex-
situ using XPS, Raman spectroscopy, and Atomic Force Microscopy
(AFM). Raman spectroscopy is used extensively to characterize the
degree of perfection of graphene through the relative changes in the
Raman peak intensities, some of them characteristic of particular types
Figure 1. Schematic drawing of the electrochemical cell used in this study.
a) thin (∼100 nm at the center) Si3N4 membrane with the working electrode
(graphene) coating the back side); b1) working electrode contact; b2) reference
electrode (Ag wire); and b3) counter electrode (Pt wire). d) Main body of the
liquid cell. The green line represents the electrolyte flow.
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Figure 2. Raman spectra of a single graphene layer sample (1) before and (2) after the electrochemical experiments consisting of 100 CV cycles between –1 V to
+1 V at 100 mV/s starting and finishing at 0 V, followed by a 5 minute CA at –1 V and 5 minute CA at +1 V. (3) In situ Raman spectra acquired at the indicated
bias voltage for graphene samples in 2 mM NaCl. The spectra show the irreversible growth of the D band at positive bias higher than 1 V. The laser wavelength
used during the measurements was 520 nm.
of defects.18 The most intense ones being the G peak at ∼1580 cm−1
due to the in-plane vibration mode of the graphitic lattice, and the
2D peak at ∼2700 cm−1 due to the excitation of two phonons with
opposite momentum in the highest optical branch and sensitive to the
number of graphene layers (Figure 2).19 The peak at ∼1350 cm−1 or
D peak is related to lattice point defects. Another peak at ∼1500 cm−1
(D**) is sometimes present that has been attributed to a highly disor-
dered and wrinkled morphology.20
All electrochemical experiments in this work were performed in a
2 mM NaCl solution, with voltages relative to a Ag/AgCl reference.
All CV measurements are closed cycles starting and finishing at 0 V,
at a rate of 100 mV/sec.
Sample preparation and characterization
The SGL sample was grown on a copper foil by chemical
vapor deposition (CVD) using methane at 1000◦C following a proce-
dure described in reference.21 A 500 nm thick layer of polymethyl-
methacrylate (PMMA) was spin-coated on top of the graphene, fol-
lowed by the removal of copper by wet etching (∼30% FeCl3 and
∼4% HCl in deionized water). The SGL was then transferred onto the
Si3N4 membrane window and onto Si/SiO2 wafer substrates. Finally
the PMMA was removed with acetone and the substrate cleaned with
isopropanol. It has been found that ripples and wrinkles can be formed
due to uneven attachment of the SGL to the SiO2 substrate during the
transfer process.22,23 The CVD grown graphene is polycrystalline,
with crystallite sizes in the micro-meter range.
The sample was characterized by Raman spectroscopy using laser
light of 520 nm wavelength (Horiba LabRAM ARAMIS). Results for
a sample transferred onto a Si/SiO2 substrate are shown in Figure 2.1.
The 2D/G peak intensity ratio is ∼2, the full width at half maximum
(FWHM) of the 2D band is <40 cm−1, and the intensity of the D
band is negligible. These measurements indicate that the SGL has a
low defect concentration over the entire layer except at the edges and
around visible defective areas.
AFM images acquired before the electrochemical experiments
(Figure 3a) show again that the initial graphene layer presents a low
concentration of defects.22,23 The ripples and tears visible in the im-
age separate domains of micrometer size, so that the number of de-
fects, low coordinated edge atoms in particular, is relatively low. The
chemical composition and in particular the possible presence of Cu
impurities from the etching process was checked by XPS. The spec-
trum in Figure 4 shows peaks at 535 eV, 285 eV, 150 eV and 99 eV,
which correspond to O, C, and Si respectively. No indication of Cu
contamination above the detection limit of approximately 0.1% of a
monolayer was found.
The chemical and electronic structure of graphene in contact with
the NaCl aqueous solution was studied in situ by (XAS). The spectra
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Figure 3. AFM images of a wet transferred single layer graphene deposited
on a SiO2/Si wafer under ambient conditions: a) Topographic AFM image
before the electrochemical experiments, showing relatively large homogeneous
regions. b) AFM image after electrochemical experiments (100 scans from
−1 V to +1 V).
were acquired in the total electron yield mode using the SGL electrode
to collect the current with a resolution of 0.1 eV. The spectra were
normalized to the incident beam intensity measured upstream of the
experimental chamber. The acquisition time for each spectrum was
about 25 minutes. No beam damage was detected in the experiments as
checked by repeated consecutive scans. The spectra were normalized
to the adsorption pre- and post- edges and calibrated using a HOPG
reference sample situated in the ultra-high vacuum chamber.24 The C
K-edge XAS spectra are shown in Figure 5: The top curve shows a
reference HOPG spectrum recorded in UHV, the second is from a SGL
in UHV, the third corresponds to a SGL in contact with the electrolyte,
the fourth is from acid-treated graphene oxide (A-GO), in 2 KMnO4
: 3 H3PO4. Finally the bottom curve is from an amorphous carbon
(AC) film in vacuum. The main XAS spectral features in these spectra
are related to graphitic π* and σ* LUMO electronic states, which
correspond to the peaks at 285.5 eV and 291.5 eV.24,25 Both peaks are
characteristic signatures of graphitic samples. When in contact with
2 mM NaCl aqueous electrolyte the graphene spectra is characterized
by a change in the ratio π* to σ* peaks indicative of distortion of the
sp2 configuration to a more sp3-like configuration,26 i.e., becoming
more amorphous as we can see by simple comparison in Figure 5.
The peaks at the position marked by the C and D lines are related to
the presence of C-OH and COOH groups.27–29
Electrochemical Measurements
The stability of a CVD grown SGL was investigated after several
CV cycles between −1 and +1 V, as shown in Figure 6. In the first
cycle a small peak appeared at +0.1 V due to transient reactions. This
peak disappeared in subsequent runs. The CV curves show a flat region
Figure 4. XPS survey of a SGL transferred onto a SiO2/Si wafer. Copper
contamination (expected peaks marked by arrows) is below the detection limit.
Figure 5. X-ray Absorption Spectra in total electron yield mode collected at
the sample electrode. From top to bottom: HOPG sample in UHV, SGL in
UHV, graphene in contact with a 2 mM NaCl aqueous electrolyte, acid treated
graphene oxide A-GO (2 KMnO4:3 H3PO4), and amorphous carbon.
between −0.5 V and +0.5 V, which indicates that no electrochemical
reaction takes place in this voltage range at observable rates.
Figure 2.2 shows the Raman spectra after electrochemical experi-
ments consisting of 100 CVs between ±1 V, followed by an additional
CA at −1 V during 5 minutes and another at +1 V during 5 minutes.
The D/G and 2D/G ratios changed notably, the first increasing and
the second decreasing, which is indicative of structural and/or chem-
ical changes. The increase in the intensity of the D band is in line
with the large number of fragments observed in the AFM images,
as discussed below. Using Cancado et al. equation30 we estimate the
crystallite size to be ten times smaller after the electrochemical ex-
periments. The decrease in the 2D/G ratio is associated to a reduction
of graphene quality and consistent with previous oxidation studies of
carbon nanotubes.24,31 The in-situ Raman spectra in Figure 2.3, in a
2 mM NaCl solution, are particularly revealing of the nature of the
chemical modifications occurring upon biasing the SGL electrode.
Raman spectrum (a) (bottom) shows the absence of defect formation
after 5 minutes at +0.5 V. Graphene protonation at low negative po-
tentials can also be discarded, as shown in spectrum (b) (−0.5 V)
because no changes were observed in the Raman spectrum after
11 minutes voltage application. However, in electrolytes such as su-
per acids the protonation effects must be considered as a possible
source of degradation.32–34 Finally, potentials beyond +1 V produce an
Figure 6. Series of 100 cyclic voltamograms between −1 V and +1 V, scan
rate was 100 mV/s. The scan starts and ends at 0 V.
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Figure 7. XAS measurements across the C 1s edge of a SGL in aqueous
electrolyte (2 mM NaCl) after several CV between −1 V to +1 V, starting and
finishing at 0 V (rate scan = 100 mV/s).
increase in the D peak associated with the formation of defects. The
intensity of peak D increases with time as shown in spectrum (c) and
(d) (after 4 and 11 minutes respectively). Reversing the potential does
not restore the original spectra implying that graphene degrades under
such conditions. The AFM images acquired after the electrochemical
experiments (Figure 3b), clearly show that the graphene layer was
severely damaged.
The in situ XAS measurements shown in Figure 7 are more infor-
mative of the chemical transformations and the nature of the species
adsorbed on the graphene surface. Unfortunately the current imple-
mentation of our in situ XAS technique prevents us from collecting
spectra while the electrochemical bias is applied. This is because the
TEY signal, collected at the same graphene electrode, is superimposed
to the large Faradic current between working and counter electrodes
which saturates the current pre-amplifier. Therefore the spectra, al-
ways collected at 0 V, capture only the irreversible changes in the
chemical state of the surface after a complete cycle. The spectra in
the figure reveal that after several CV cycles new peaks appear, in
addition to the π* and σ* peaks of the graphitic state. The new peaks
originate from carbon atoms modified by ring opening and by attach-
ment of species such as H, O, OH, etc., as summarized in Table I. One
such new feature is the peak labeled A at 284.8 eV,35,36 which was
assigned to the formation of doubly coordinated carbon atoms in open
rings, while the peak labeled B at 285.5 eV is assigned to the normal
triply coordinated carbon atom in the intact aromatic ring.27,37,28 The
Table I. Assignment of peak positions and molecular species of
carbon K-edge.
Energy (eV) Electronic transition Functionality
284.8 (A) π* Doubly coordinated C [35, 36]
285.5 (B) π* Aromatic C [276, 28, 37,]
287.3 (C) σ* C-OH [28]
288.5 (D) σ* COOH [27, 29]
291.5 (E) σ* C = C [29]
296–298 (F) σ* C = O [28]
302.0 (G) σ* C = C [28]
features at 291.5 eV (E), 297.0 eV (F), and 302.0 eV (G) have been
associated with σ*C-C, σ*C = O and σ*C = C levels respectively.28,29 The
peak at 287.3 eV (peak C) has been assigned to a σ* level in C-OH,28
and that at 288.7 eV (peak D) to the σ* state of COOH.27,29 These spec-
tra are similar to that of A-GO (Figure 5), and suggests an increase
in the concentration of oxygen species, as well as in the density of
defects. This is consistent with the features observed in A-GO marked
by dashed lines C and D.
After the initial formation of new defects and species, confirmed
by new features (peaks A and C), the SGL remained stable. Its sta-
bility after the CVs was investigated at higher potentials following
the polarization sequence: +1.5 V, −1.5 V, +2.5 V and −2.5 V. It
was found that the graphene layer remains stable at potentials be-
tween ±1.0 V vs. Ag as Figure 8b shows. At higher positive potential
(+2.5 V) peaks A and C are enhanced, which indicates the occurrence
of chemical reactions. On the other hand, the signal is recovered by
reversing the potential to −2.5 V although with a substantial decay
in the carbon signal. This fact is confirmed by the changes observed
in a fresh graphene sample after several CV cycles in the ±2.5 V
range are shown in Figure 8a. Two peaks are initially observed near
+1.8 V and −1.8 V. The current intensity decreases with the number
of cycles, which is likely related to the decay of graphene conductivity
as a result of increasing damage from the electrochemical reactions.
Discussion
The results presented in this study indicate the readily occurring
degradation of graphene by applied voltages. Figure 6 shows that at
potentials between −0.5 V and +0.5 V no peaks are observed in the
CV curves, which indicates that electrochemical reaction currents at
these low voltages are below the detection limit of ∼nA. An order of
magnitude estimate (10−9 A × 50 sec ∼ 3 × 1011 electrons), over our
electrode area of 3 mm2 indicates that less than 2% of the atoms in the
graphene electrode surface were involved at this stage. This is in line
Figure 8. (a) Six cyclic-voltammetry curves from a SGL electrode between −2.5 V and +2.5 V, starting and finishing at 0 V. b) In situ XAS measurements in
total electron yield mode collected on the graphene electrode after CA runs at +1.5 V, −1.5 V, +2.5 V and −2.5 V.
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Figure 9. Variations in the XAS after different experiments. Top: after
107 CV. Middle: after a 60 sec CA at +2.5 V. Bottom: after a 60 sec CA
at −2.5 V.
with the in situ Raman experiments which showed the SGL stability
at low potentials.
The appearance of new peaks in the XAS demonstrates the occur-
rence of chemical reactions leading to the irreversible formation of
species bound to carbon atoms, such as C-OH (peak C), C = O (peak
F) and others from COOH dissociation (peak D). The evolution of
these peaks is shown in Figure 9 from 1 CV to 107 CVs (green color)
between −1 V to +1 V. The arrows indicate an increase in the C and F
peaks which we associate to C-OH and C = O, as well as a decrease in
peak D, (COOH species). However, after several CV cycles the SGL
is stable as the XAS spectra show. Only when the potential is higher
than 1.8 V vs. Ag new features appeared in the XAS. For example the
spectrum after a 60 second CA pulse at +2.5 V shows an increase in
the intensity of peak A, which is characteristic of doubly coordinated
carbon atoms in open rings. Similar effects, at potentials beyond the
oxidation water potential (more positive than 1.7 V vs. Ag/AgCl, 3M
NaCl) have been reported in the electrochemical etching of individual
multiwall carbon nanotubes in 0.1 M KCl aqueous solution.38 This
is in line with the AFM measurements after the electrochemical ex-
periments (Figure 3b) which show extensive damage in the form of
ruptured graphene, probably along grain boundaries.
Possible reactions between the SGL and the electrolyte at the
positive electrode are:39
Cx(s) + H2O(l) → CxOH(s) + H+(aq) + e−
C − OH(s) → C = O(s) + H+(aq) + e−
C = O(s) + H2O(l) → COOH(s) + H+(aq) + e−
where C-OH groups are produced at positive voltage that could be
further oxidized producing C = O and finally COOH groups. This is
consistent with the XAS measurements at positive voltage as Figure 8b
shows. On the other hand, at negative potential the following reactions
are likely to occur:40
C = O(s) + e− → C − O−(s)
C = O(s) + H+(aq) + e− → C − OH(s)
which can explain the absence of CO and CH groups observed in
Figure 8b.
In summary, the degradation process is presumably due to the
formation at positive potentials of C = O, C-OH and COOH. At
negative voltages C = O reacts with H+ to irreversibly produce C-OH
groups explaining the appearance of peak C in the XAS at negative
voltage (Figure 8b).
Conclusions
By using AFM microscopy, in situ Raman spectroscopy and in
situ XAS spectroscopy techniques we have followed the changes in
topography, vibrational and electronic structure of SGL electrodes
subjected to electrochemical reactions in aqueous electrolyte envi-
ronments. We have developed in situ XAS recorded in total electron
yield mode, which provides interface sensitivity due to the short mean
free path of the secondary electrons and thus providing a new tool for
spectroscopic studies of electrode/electrolyte (solid/liquid) interfaces.
We have demonstrated the potential of the technique in our study of
CVD grown graphene, showing that its chemical structure changes
appreciably even at potentials below |1| V and increases dramatically
at potentials above |1| V. It was found that defects are readily and ir-
reversibly produced by application of electrode voltages. We attribute
this to the fact that the CVD graphene contains numerous grain bound-
aries and various types of the defects. Our results show that the quality
of graphene is crucial for applications as super-capacitors, fuel-cells,
batteries and photo-catalysis.
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